Owing to these papers, Ni-Ti alloy orthodontic wires received much attention and rapidly spread in clinical use. Accordingly, many manufacturers began to produce Ni-Ti alloy orthodontic wires. However, the transformation temperatures of marketed Ni-Ti wires vary20), and there are considerable differences in the bending properties21,22). In this study, differential scanning calorimetry (DSC) was used to measure twenty commercial Ni-The wires used in this study are listed in Table 1 . Common specifications of the wires are: round wire; upper arch form; 0.46mm (0.018inch) in diameter.
The diameters were measured by a micrometer prior to the experiment. In this paper, abbreviated codes in Table   Table 1 To investigate the bending property of Ni-Ti alloy arch wires, a three-point bending method was chosen because it characterizes super-elasticity more accurately than the approved ADA standard cantilever method. Moreover, the three-point bending test simulates the clinical application of the wire on teeth10). Straight 30mm portions of Ni-Ti alloy arch wires were used for the three-point bending test. The specimens were cut from both ends, consequently, four specimens were examined for each kind of wire. Figure 1 shows a schematic drawing of the device, viewed from above. The center pole was combined with a load cell* to measure the load on the wire; the two side poles were mounted on a movable stage connected with a displacement transducer** to measure the deflection of the wire. Neither bracket nor ligature wire was used to avoid the influence of tightening.
The temperature of the specimen and the apparatus was kept at body temperature, 310K. The loading and unloading speed was approximately 0.2mm/s; the maximum deflection was 2.0mm. Figure 2 is a schematic drawing of a load-deflection curve of a super-elastic Ni-Ti alloy arch wire. To evaluate the bending properties of Ni-Ti alloy arch wires, three parameters were devised for the load-deflection curve -a load-deflection (L/D) ratio, a minimum load and a minimum deflection for super-elasticity.
Since the unloading process is thought to be more closely related to orthodontic force than the loading process, these parameters were taken from the unloading curve. The L/D ratio is inclination K, taken from the straightest A schematic drawing of a DSC curve of a Ni-Ti alloy wire is shown in Fig 3. In this study, three parameters were taken from the curve -the reverse transformation finishing temperature (Af point), the endothermic peak (Hendo) and the endothermic energy (Qendo). This endothermic reaction is caused by the reverse transformation of Ni-Ti alloy. unloading processes. Figure 5 shows two of the load-deflection curves of the Ni-Ti alloy arch wires called the work-hardened type.
There is no flat area in these curves, and the load is nearly proportional to the increasing and decreasing deflection. Super-elasticity does not work with these wires.
The three parameters -the L/D ratio, the minimum load and the minimum deflectionof commercial Ni-Ti alloy arch wires were calculated and are shown in Table 2 . SB showed the lowest L/D ratio of 0.16kN/m; SY, VT and OR exhibited relatively low values. However, GL, OO, US and JJ showed considerably higher L/D ratios. Those of OT, LA and UT were markedly higher and were nearly constant throughout the unloading process. Differential Scanning Calorimetry Figure 6 shows a typical DSC curve of a Ni-Ti alloy arch wire with super-elasticity. There are two endothermic peaks on the heating curve owing to the rhombohedral phase transition23) and the reverse transformation. The Af points of Ni-Ti alloy arch wires are shown in Table 3 . Most of them were between 290K and 305K, below body temperature, 310K. However, those of GL and OO were slightly higher, and that of US was noticeably higher than 310K.
The values of the endothermic peak and the energy of Ni-Ti alloy arch wires, shown in Fig. 3 , were calculated and are shown in Table 3 . SB showed the highest peak and energy; The bending property in the unloading process is affected by the reverse transformation, which is an endothermic process.
There was a close relation between super-elasticity and the endothermic peak of a super-elastic Ni-Ti alloy wire18). Figure 8 shows the relation between the L/D ratio and the endothermic energy of Ni-Ti alloy arch wires. The L/D ratio demonstrates the changeability of the orthodontic force in the super-elastic range. The lower a wire's ratio is, the less changeable the force it can display. The wires showing high endothermic energy on the DSC curves exhibited low L/D ratios; the orthodontic force of these wires remained nearly constant in the unloading process. This property is considered physiologically desirable for tooth movement10). On the other hand, the three wires showing no endothermic energy exhibited high L/D ratios; orthodontic force decreased with decreasing deflection.
These wires possess good springback property, however, the orthodontic force is changeable.
The L/D ratio is also related closely to the endothermic peak. If a wire shows a low endothermic peak compared with the endothermic energy, the L/D ratio is not as low as expected from the energy measurement. The open squares represent these in Fig. 8 Transformation temperature The transformation temperatures of Ni-Ti alloy have a great influence on the mechanical properties.
Super-elasticity is caused by the stress induced martensitic transformation, and the unloading process used for orthodontic force relates to the reverse transformation from the martensitic phase to the parent phase. Therefore, this property is observed at a temperature above the transformation temperature range. Since the three-point bending test was carried out at 310K, a representative body temperature, the Af point of the wires must be below this temperature to exhibit super-elasticity. In a recent study, transformation temperatures of a commercial Ni-Ti alloy orthodontic wire were in a range too high to exhibit super-elasticity even after heat treatment20). As shown in Table 3 , three among the twenty wires tested had no peak on the DSC curves, and another three wires had inadequate transformation temperatures for super-elasticity. The mechanical properties and the thermal behavior of Ni-Ti alloy vary with composition, history of heat treatment, degree of machining, and so forth. The reasons for the differences among the commercial Ni-Ti wires are probably in the material itself and/or the production method. Ni-Ti alloy is easily oxidized and contaminated at high temperatures; the properties of the alloy are very sensitive to impurities and the proportion of nickel and titanium. Since the characteristics of Ni-Ti alloy depend on the internal structure, they are damaged by machining and are changed by heat treatment temperature and time. Ni-Ti alloy wire possesses ideal properties for tooth movement, however, it cannot be used in clinics without correct and careful production. 
